We carried out measurement of somatosensory evoked fields (SEFs) by applying an electric stimulus to different right fingers (the thumb, fourth finger, and little finger), using three-dimensional second-order gradiometers connected to 39-channel SQUIDs, which can detect magnetic components perpendicular to the scalp (Br) and tangential to the scalp (B , B ) simultaneously. A singular value decomposition method was applied to the SEF data for preprocessing. To discriminate the activities of multiple nerves (the median nerve and ulnar nerve) in the fourth finger, time-frequency analysis (wavelet transform) was applied to each set of SEF data. The dominant distribution of power spectrum to the thumb (median nerve) stimulation was different from the distribution of the little finger (ulnar nerve) stimulation (thumb: 16-18 Hz, little finger: 13-15 Hz). However, the fourth finger showed the distribution that combined the results of the thumb and little finger. Furthermore, coherence between each set of SEF data showed a high value in that frequency range. Source localization was also examined by the SEF data with different frequency ranges. We conclude that the proposed method is useful for detecting the frequency component of the SEF data obtained by stimulation of different fingers and for discriminating multiple sources of SEF data in the fourth finger.
Introduction
Measurement of the magnetic field perpendicular to the scalp has been widely used for research on brain functions. Magnetoencephalogram (MEG) has become a useful tool to investigate brain activity since it has the theoretical advantages of obtaining magnetic field with less skull effects. Somatosensory evoked field (SEF) evoked by median nerve stimulation have shown the generators to locate in the hand area of the human cortex, which fits well with the result reported by Penfield 1), 2) . There are problems of separating multiple sources when many distinct areas of cortex are active 3) . Secondary somatosensory (SII) activity is a well-known example of that problem. The SII activity has a smaller intensity and appears in a shorter period. Activation of the SII is also overlapped in time with primary somatosensory (SI) activity 4), 5) . We have proposed an algorithm to discriminate the SII from the SI activity 6) . These reports had focused on the spatial distribution or signal source estimation for separating multiple sources.
The nerve activity to elicit evoked magnetic field is different to human finger (median nerve: the thumb and second to fourth finger, ulnar nerve: fourth and little finger). Therefore, evoked field with human fourth finger is consisted by two different nerve activities 7) . It is desired a certain method to separate multiple source activities in the somatosensory evoked field data, such as above two examples. There are only a few reports about separating the multiple sources of the SEF to the fourth finger stimulation 8) . The SEF was measured by stimulation to the five fingers, respectively. The research discussed not discrimination of multiple sources but only a location of each signal source at typical latency.
In this study, we carried out the SEF measurement with stimulus to three different fingers (the thumb, fourth finger, and little finger), respectively. In order to discriminate the multiple sources (fourth finger) in the human cortex overlapping in time, we focus on frequency component of fourth finger. First, Time-frequency analysis (wavelet transform, WT) was applied to discuss the frequency component of each SEF data. Second, difference of frequency component in the SEF to the fourth finger stimulation was discriminated by coherence method. Finally, source estimation was done by the SEF data having different frequency ranges (13-15Hz and 16-18Hz). Fig.1 shows coordinate system and locations of measuring positions on a subject's head. C3 in Fig.1 correspond to ten-twenty electrode system and gray circles are measuring points. Four normal subjects (4 males, aged 21-24 years) participated to the SEF measurement. Informed consent to participate in the study was obtained from all subjects prior to the study. The SEF evoked by the electric stimulus to three different fingers (the thumb, fourth finger and little finger of right hand) were measured with a 3-D magnetic measurement system in a magnetically shielded room 9) . Duration of electric pulse was 0.4ms and intensity of the electric pulse was 3 to 6mA.
Method

Experiment
Inter-stimulus interval (ISI) was 2000±100ms and the SEF data was sampled every 2 kHz. Digital filtering was performed with 1-80Hz BPF and notch filter. Sampled SEF data was averaged with 200 times. The SVD method was applied to the SEF data for preprocessing 10) . Time-frequency analysis (wavelet transform) was applied to each spatio-temporal SEF data.
Data analysis
Wavelet transforms (WT) of signal component f(x) is represented as
where a is scale parameter and b is shift parameter of the WT. Morlet wavelet is used for wavelet function, (x). 1 a is a factor for normalization. Frequency resolution of the WT in this study is 0.5 Hz.
In order to discuss the relationship of frequency component between the SEF data to the fourth finger and that of other fingers, coherence method was applied. Spatial distribution of each SEF data was also examined. Single source estimation was performed using the moving dipole inverse solution 13) with a spherical homogeneous conductor model as a human head. The cost function f and Goodness-of-fit (G) are defined as
where Bmk is the measured magnetic field at k-th position, Bck is the calculated field.
Results
The WT analysis was applied to the each SEF data to discuss the frequency component. [ms]
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0.6 and white: less than 0.33), respectively. In the result of the SEF to the thumb stimulation ( Fig.2 (a) ), Power spectrum above 0.9 (black area) appeared at 15-20 Hz in 50-150ms. Power spectrum above 0.9 (black part) in Fig.2 (b) , which showed the result of the SEF to the little finger stimulus, appeared at 10-15Hz in 50-200ms. On the other hand, power spectrum of fourth finger stimulus showed mixed pattern with the thumb and the little finger in Fig.2 (c) . The B component ((d)-(f)) in Fig.2) , one of tangential magnetic component, showed that dominant power spectrum was located to 10-20 Hz. Tangential component showed extreme just above the signal 9) . From the dominant power spectrum was appeared only B component and characteristic of tangential component, we found the signal at the dominant latency in Fig.2 had a horizontal direction (Fig.1) . Fig.3 (a) to (c) shows subtraction of power spectrum with each SEF data in Fig. 2(a) to (c) . Fig.3 (a) is the sum between the power spectrum of the little finger and that of the thumb (Fig.2 (b) + Fig.2 (a) ). Fig.3 (a) shows normalized distribution of the power spectrum with the maximum. Each color shows the intensity of power spectrum (black: 1 to 0.66, dark gray: 0.66 to 0.33, and white: 0.33 to 0). Distribution of the power spectrum in Fig.3 (a) , sum of the little finger and the thumb, showed a similar pattern comparing with that of the fourth finger ( of 10 to 20 Hz at 10 to 200 ms is over 0.95). Fig.3 (b) is the difference of the little finger from the fourth finger (Fig.2 (c) -Fig.2 (b) ). Fig.3 (c) also shows the difference of the thumb from the fourth finger (Fig.2  (c) -Fig.2 (a) ). Fig.3 (b) and (c) show normalized distribution of the power spectrum with each extreme. Each color of the figures shows the amplitude of the difference (black: 1 to 0.5, dark gray: 0.5 to 0, gray: -0.5 to 0, and white: -1.0 to -0.5). Correlation coefficient ( ) in Fig.3 (d) to (e) was calculated using the power spectrum of 10 to 200ms that showed dominant peak in Fig.2 . Fig.3 (d) shows the correlation between the thumb ( Fig.2 (a) ) and Fig.3 (b) . The showed lower value (below 0.3) in around 11.5 to 14.5Hz. This frequency range reflected the ulnar nerve (the little finger) activity, since the little finger was subtracted from the fourth finger in Fig.3 (b) . The showed higher value (>0.65) in around 15.5 to 18.5Hz. It also showed that this frequency range reflected the median nerve (the thumb finger) activity. Fig.3 (e) shows the correlation between the little finger ( Fig.2 (b) ) and Fig.3 (c) . The correlation showed higher negative value (> -0.85) in around 13.5Hz, since the power spectrum of the fourth finger was smaller than that of the thumb. This frequency range also reflected the ulnar nerve (the little finger) activity.
Discussion
The FFT method is widely used for analyzing frequency component of measured data. Frequency analysis by the FFT is effective for a periodic steady signal (e.g. alpha rhythm). Since magnetic response of the human cortex evoked by electrical stimulus was appeared short interval (less than 300ms), The FFT method was not helpful to analyze the frequency component of the SEF 7) . From the result of the FFT, difference of frequency distribution of the SEF data to different finger stimulation was not clear in this study. Because of the time-frequency analysis is effective in respect of frequency resolution, the WT analysis was applied to the each SEF data to discuss the frequency distribution. The results in Fig.2 and Fig.3 showed that the power spectrum of the SEF to the thumb stimulation was different to that of the little finger. Namely, the SEF evoked by the median nerve (the thumb) stimulation have a different frequency distribution, compared with the SEF by the ulnar nerve (little finger) stimulation. Because both nerves existed in the fourth finger, the frequency distribution of the fourth finger showed the pattern that mixed the thumb and a little finger. Three subjects showed almost the same result that the distribution of power spectrum is different in each SEF data and that of fourth finger showed mixed pattern. The coherence method is an indicator of functional connectivity between different brain activities 14) . Fig.4 showed the result of the coherence averaged by six channels showed the peak in each temporal SEF data. Black bar of Fig.4 (a) and (b) showed the coherence between the SEF data to the thumb stimulation and the SEF data to little finger stimulation. Gray bar in Fig.4  (a) showed the coherence between the little and the fourth finger. Gray bar in Fig.4 (b) also showed the coherence between the thumb and the fourth finger. The coherence in Fig.4 showed from 10 to 25 Hz, because other coherence values showed the lower value (<<0.2). In the results of coherence between the thumb and the little finger, the coherence value was below 0.4 in all frequency ranges. However, the coherence between the little and fourth finger increased in 13-14Hz as shown in Fig.4 (a) (13Hz: 2 =0.71, 14Hz: 2 =0.63). The coherence between the thumb and the fourth finger also showed high value in 17-18Hz in Fig.4 ((b) (17Hz: 2 =0.55, 18Hz: 2 =0.61). The student t-test for a statistical analysis was applied between the coherence of the fourth finger and those of other fingers. 15) . It found that the frequency component of the SEF evoked by the median nerve (thumb) stimulation differed from that of the ulnar nerve (little finger). Furthermore, the fourth finger, existing two nerve activities, had both frequency components. Spatial distribution of each SEF data was also examined. Digital filter (FIR filter) was applied to limit frequency band of the SEF to the fourth finger stimulation 16) . A band pass filter processing, having different pass band (13-15 and 16-18Hz, -3dB points) , was performed to the SEF. Low pass band (13-15Hz) corresponded to the little finger (ulnar nerve) and high pass band (16-18Hz) corresponded to the thumb (median nerve). Signal source estimation was done with the band pass filtered SEF data to the fourth finger stimulation and typical SEF data (1-80Hz BPF for the SEF data to the thumb and the little finger stimulations). Table 1 and Fig.5 show the results of the source estimation of the SEF data to three finger stimulations. The three latencies (52, 55, and 58ms) around the peak in Fig.2 were used for the source estimation. The GOF was calculated by equation (4) and Table 1 shows average of the GOF (mean S.D.) at the ) is the coherence between the thumb and little finger, gray bar of (a) is little and fourth finger, and gray bar of (b) is thumb and fourth finger, *: significance of difference (student t-test) is P < 0.05).
three latencies. In the result of each SEF data, goodness of fit (GOF) between measured SEF data and calculated SEF data was 78-80%. The correlation coefficient between them also showed the value of 0.76-0.82. Depth of the signal source from human scalp was 2.7 to 3.1 cm. Fig.5 (a) and (b) show source location of each SEF data at 58ms latency. A to H and 1 to 6 in Fig.5 (a) and (b) are measurement points shown in Fig.1 . Source of the SEF to the thumb (1-80Hz BPF) stimulation was located in around D5 and E5 (gray triangle in Fig.5 (a) ). The source location of little finger (1-80Hz BPF) was in around D4 (gray triangle) in Fig.5 (b) . The source location of fourth finger was also located in around D4 (open circle in Fig.5 (a) and (b) ). MR images (Fig.5 (c) and (d)) of a subject's head show the source localization at the latency of 58ms. These locations of three different fingers agree in general terms with the related findings in previous study 8) . The location of fourth finger with 13-15Hz BPF was located in around D4 (black square in Fig.5 (a) ). The location of fourth finger with 16-18Hz BPF was in around D4 and D5 (black square in Fig.5  (b) ). The source locations of the 13-15 Hz and 16-18Hz BPF were similar to the results of the little finger and the thumb, respectively. Band-pass filtered SEF data of fourth finger stimulation showed different estimation results by frequency band (13-15Hz and 16-18Hz BPF) as shown in Table 1 and Fig.5 .
These results showed that the SEF to the fourth finger stimulation was generated by activation of median nerve (stimulus to the thumb, 16-18Hz) and ulnar nerve (stimulus to the little finger, 13-15Hz) overlapping in time. Namely, it shows that proposed method could discriminate the multiple sources of the SEF evoked by different nerve activities. The results of source estimation are examples of the typical latencies. The other two subjects show similar results as shown in Table 1 . The GOF of one subject is over 72% of the SEF to the fourth finger stimulation with limited frequency band. More over, calculating source estimations with another latency and increasing the number of subjects in the future would demonstrate a more detail discussion in the future.
Conclusion
We performed a 3-D SEF measurement with stimulus to three different fingers (thumb, fourth finger, and little finger), respectively. And the proposed method, focused on the frequency component of the SEF data, was applied to the three different SEF data. It is confirmed that the proposed method with limitation of frequency band was useful for separating different nerve activities from the SEF data obtained by stimulation to the human fourth finger. Table 1 Results of source estimation for each set of SEF data (latencies: 52, 55, and 58 ms. Depth is the distance from the scalp). 
